ABSTRACT-We investigated the structure-activity relationship for the neurotrophic activity of spermine by comparing the effects of several synthetic spermine analogues on the survival of cultured rat hippocampal neurons. N,N bis(3-aminopropyl)-1,6-hexanediamine and NN' -bis(3-aminopropyl)-1,3-propanediamine did not promote the neuronal survival, suggesting that the central butanediamine structure is essential for the neurotrophic activity. Furthermore, N',N12-bis(ethyl)spermine significantly promoted the neuron survival, but its maximum effect was smaller than that of spermine, indicating that two terminal primary amines are required for full agonist activity. The structural requirement for the neurotrophic activity of spermine was different from those for any other reported activities of polyamines.
The endogenous polyamines, spermine, spermidine and putrescine, are known to play important roles in proliferation and differentiation of many types of cells (1, 2) . Although the polyamines are highly concentrated in the mammalian brain (3, 4) , their functions for brain neurons have not been well understood. We have recently found that spermine, but not spermidine and putrescine, promoted the survival of primary cultured hippocampal and cerebellar neurons (5, 6) , suggesting that spermine functions as a neurotrophic factor for brain neurons. The neurotrophic action of spermine with a simple chemical structure is of great interest in relation to the development of therapeutic drugs for neurodegenerative disorders such as Alzheimer's disease. However, there has been little information about the mechanism underlying the neurotrophic activity of spermine.
Considering that spermidine and putrescine, unlike spermine, showed no trophic effect in cultured brain neurons (5, 6), a structural requirement for the neurotrophic activity of spermine has been postulated. Therefore, in the present study, we attempted to investigate neurotrophic effects of several synthetic analogues of spermine. A comparison of effects of structurally-related polyamines will provide useful information for clarifying the target of spermine in terms of the neurotrophic activity.
Procedures for cell cultures and determination of neuronal survival were the same as described in our previous paper (5, 7) . Briefly, hippocampal neurons from 18-dayold embryos of Wistar rats (SLC, Shizuoka) were dissociated by incubation with trypsin and were plated on polylysine-coated plastic 48-well plates (1 cm2/well; Costar, Cambridge, MA, USA) at a density of 100,000 cells/cm2 with modified Eagle's medium (Nissui Pharmaceutical, Ltd., Tokyo) supplemented with 10% fetal bovine serum. Twenty-four hours after plating, the medium was changed to serum-free medium and polyamines (Sigma Chemical Co., St. Louis, MO, USA) were added at this time. After 3 days, the cultures were fixed with 4% paraformaldehyde.
The MTT method is widely used for cytotoxicity assay, but is not suitable for evaluating the neurotrophic activity, because changes of the dye color possibly include changes of the number of non-neuronal cells. Therefore, we directly counted the number of surviving neurons in each well under a microscope. The neuronal cells were visualized by specific immunostaining with monoclonal antibodies to microtubule-associated For comparison, the structures of putrescine and spermidine are also shown.
whose chemical structures are shown in Fig. 1 .
As shown in Fig. 2A , the number of surviving hippocampal neurons was increased by the addition of spermine. The concentration-effect curve for spermine was bell-shaped with the maximum effect at a concentration of 10-8 M, consistent with our previous observation (5). On the other hand, 3-6-3, 3-3-3 and BAAMP showed no effect on the neuronal survival in the concentration range of 10-1° to 10-'M (Fig. 2, B-D) . BESPM significantly promoted the hippocampal neuron survival (Fig. 2E) . The concentration-effect curve for BESPM was bellshaped with the maximum effect at a concentration of 10-'M, similar to that for spermine, but the maximum effect of BESPM was smaller than that of spermine.
Our present data suggest that the neurotrophic activity of spermine surprisingly depends on its chemical structure. First, 3-6-3 and 3-3-3, which have two terminal aminopropyl groups like spermine but whose carbon chain structures separating between the second and third restricted by the piperidine frame. BAAMP showed no trophic effect, suggesting that the three-dimensional structure of the central carbon chain is also important. Thirdly, it is probable that both of the two terminal aminopropyl groups are essential for the neurotrophic activity of spermine, since we have previously observed that neither spermidine nor putrescine promoted the survival of cultured rat hippocampal neurons (5, 6). Finally, bisethylation of the terminal amines of spermine resulted in a decrease of the maximum effect, indicating that two terminal primary amines are required for full agonist activity.
Polyamines are known to potentiate the N-methyl-Daspartate (NMDA) receptor-mediated responses (8) (9) (10) . However, the structural requirements of spermine for neurotrophic activity revealed by the present study are quite different from those for enhancing NMDA receptor channel function (9, 10) . First, of the endogenous polyamines, spermidine can enhance the NMDA receptor channel function (8 -10), but did not promote the neuronal survival. Secondly, 3-3-3 has been reported to enhance the NMDA receptor more potently than spermine (10), but showed no trophic activity. Thirdly, the number of methylene groups separated by the second and third nitrogen atoms determined the binding affinity but not the efficacy in stimulating the NMDA-receptor channel (10), whereas changes in distance between the second and third nitrogen atoms resulted in complete loss of the neurotrophic activity. These discrepancies suggest that the neurotrophic effect of spermine is not associated with the NMDA receptors.
We have previously observed that the neurotrophic effect of spermine is blocked by ifenprodil, a putative antagonist at the polyamine site of NMDA-receptor channel (5) . In addition to the NMDA-channel blocking action, ifenprodil has been reported to have an a-adrenoceptor blocking property and to inhibit high K+ stimulation-induced muscle contraction (11, 12) . It also remains possible that ifenprodil has other unknown pharmacological actions. It is probable that spermine exerts the neurotrophic effect through an ifenprodil-sensitive mechanism other than the NMDA-receptor channel.
The interaction of polyamines with nucleic acids (1) may be responsible for the cell growth-regulating functions of polyamines. Polyamines cause the condensation of DNA (13) and induce a conformational transition in polynucleotides from the right-handed B-form to the lefthanded Z-form (14) . The studies with synthetic spermine analogues (14, 15) have revealed that the length of the central carbon chain affects the interaction of polyamines with DNA and the induction of conformational changes in polynucleotides, whereas the terminal primary amino groups are important for the ability of polyamines to aggregate DNA. In addition, spermine is known to interact with RNA, stimulate protein biosynthesis and stimulate several protein kinases (1) . However, since all these activities of spermine are observed at very high (nearly millimolar) concentrations and are mimicked by spermidine or many synthetic polyamine analogues, the neurotrophic action of spermine on brain neurons appears to be different from the cell growth-regulating functions of polyamines in proliferative cells.
It is not clear why the concentration-effect curve for spermine is bell-shaped. One plausible explanation is that high concentrations of spermine have neurotoxic effects, which may mask its neurotrophic effect. Another is that the molecular target of spermine may be down-regulated by exposure to high concentrations of spermine. Nonetheless, our present results indicate that the effects of low and high concentrations of spermine are likely to be mediated by a common molecular target, for the concentrationeffect curve for BESPM is also bell-shaped and the other analogues show no toxic effect.
We tested, in the present study, the effects of spermine analogues on cultured hippocampal neurons, but it is also interesting to compare their effects on cultured neurons from other brain regions.
In conclusion, we compared the effects of natural polyamines and synthetic analogues on the survival of cultured rat hippocampal neurons and found that the structural requirement for the neurotrophic action of spermine is different from those for any other reported activities of polyamines. It is possible that spermine exerts the neurotrophic effect through a novel mechanism different from any other previously reported one.
